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a b s t r a c t 
To characterize a poroelastic material, typically an indenter is pressed onto the surface of the material 
with a ramp of a finite approach velocity followed by a hold where the indenter displacement is kept 
constant. This leads to deformation of the porous matrix, pressurization of the interstitial fluid and relax- 
ation due to redistribution of fluid through the pores. In most studies the poroelastic properties, including 
elastic modulus, Poisson ratio and poroelastic diffusion coefficient, are extracted by assuming an instanta- 
neous step indentation. However, exerting step like indentation is not experimentally possible and usually 
a ramp indentation with a finite approach velocity is applied. Moreover, the poroelastic relaxation time 
highly depends on the approach velocity in addition to the poroelastic diffusion coefficient and the con- 
tact area. Here, we extensively studied the effect of indentation velocity using finite element simulations 
which has enabled the formulation of a new framework based on a master curve that incorporates the 
finite rise time. To verify our novel framework, the poroelastic properties of two types of hydrogels were 
extracted experimentally using indentation tests at both macro and micro scales. Our new framework that 
is based on consideration of finite approach velocity is experimentally easy to implement and provides a 
more accurate estimation of poroelastic properties. 
Statement of significance 
Hydrogels, tissues and living cells are constituted of a sponge-like porous elastic matrix bathed in an 
interstitial fluid. It has been shown that these materials behave according to the theory of ‘poroelastic- 
ity’ when mechanically stimulated in a way similar to that experienced in organs within the body. In 
this theory, the rate at which the fluid-filled sponge can be deformed is limited by how fast intersti- 
tial fluid can redistribute within the sponge in response to deformation. Here, we simulated indentation 
experiments at different rates and formulated a new framework that inherently captures the effects of 
stimulation speed on the mechanical response of poroelastic materials. We validated our framework by 
conducting experiments at different length-scales on agarose and polyacrylamide hydrogels. 
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. 






c  1. Introduction 
Due to their practical applications in biomedicine and bioengi-
neering, substantial efforts have been made to characterize the∗ Corresponding author at: Department of Mechanical Engineering, University 
College London, London, United Kingdom. 
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s polymers, colloids, amphiphilics, membranes, micelles, emul-
ions, dendrimers, liquid crystals and polyelectrolytes [1] . The me-
hanical responses of a wide range of hydrated materials has been
ound to be both time- and length- scale dependent and this is
est described by poroelastic theory [2–12] . The one-dimensional
heory of the consolidation of a water-saturated geo-material was
rst developed by Terzaghi and subsequently extended by Biot torticle under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. (a) Schematic of spherical indentation test and the relevant geometrical parameters: indentation depth δ, indenter radius R , material thickness d and contact radius a . 
(b, c, d) Force–relaxation tests consist of ramp and hold phases separated through rise time t R . (b) The indentation depth versus time for different rise times t R : in the ramp 
phase the indentation depth increases linearly with time until reaching a maximum depth of δM at time t R that is kept constant during hold phase. (c) The force versus time 
for different rise times t R : the indentation depth is kept constant during the hold phase and the maximum force F M that is achieved during ramp phase relaxes to a fully 
relaxed force F ∞ after prolonged time. Considering different rise times and keeping the maximum indentation depth constant yield different approach velocities and result 
in different maximum forces. (d) Plots of the force against indentation depth for different t R . (e) Maximum forces F M emerged as a result of different approach velocities 
were plotted against the rise times t R . (f) Normalized maximum force versus normalized rise time: appropriate normalization of maximum forces and rise times lead to a 






















































b  ntroduce the 3D deformation of the elastic porous medium bathed
n fluid [13–15] . Despite significant progress in the development
f poroelastic theory and advances in computational modeling, the
eld still lacks an inclusive framework to estimate the poroelastic
roperties of soft hydrated materials from experimental measure-
ents. Extracting accurate mechanical behavior of soft materials
ill accelerate biomedical research in fields such as cell and tis-
ue regeneration, drug delivery, hygiene products, and microfluidic
echnology [1 , 16] . 
Indentation tests at micro and macro scales conducted along-
ide computational modeling have been the most common frame-
ork for characterizing the mechanical behavior of soft hydrated
aterials [8 , 9 , 17–19] . Recently, the elastic and transport proper-
ies, such as shear modulus G and permeability κ of biological tis-
ues, cells and various hydrogels [17–28] have been estimated, us-
ng the poroelasticity framework, by analyzing the ramp and hold
hases of indentation experiments ( Fig. 1 ). In most studies, in-
tantaneous indentation has typically been assumed and elastic-
ty was estimated by fitting the force–indentation curve ( Fig. 1 (d))
hile poroelastic diffusion constant was estimated by analyzing
he relaxation curve ( Fig. 1 (c)). Moreover, how the length scale
ffects relaxation curves has been studied by altering parameters
uch as the indentation depth, indenter geometry, poroelastic ma-
erial structure and thickness [17 , 18 , 22 , 23 , 29–31] . To estimate the
oroelastic parameters the relaxation master-curves were derived
y normalizing the relaxation force F(t) (via [ F(t)-F ∞ ]/[ F M - F ∞ ])
nd time t (via t / a 2 ) considering stepwise indentation, i.e. theaximum force F M achieved at infinitely fast indentation veloc-
ty ( V app ∼ ∞ or t R ∼ 0, Fig. 1 ) [17 , 18 , 21 , 22 , 25 , 32] . However, ex-
erimentally it is not possible to achieve such an ideal condition
 t R >> 0) due to the limited ability of the instruments to provide
ccurate step load. Moreover, using fast approach velocities may
ead to instability and unwanted oscillations. Therefore, in princi-
al, extracting poroelastic parameters using the master curves that
re derived under the instantaneous loading ( t R ∼ 0) condition
ay lead to significantly unrealistic values, particularly when the
xperimentally set rise time ( t R ) is not drastically smaller than the
oroelastic relaxation time ( τp ) . A few studies have examined ef-
ects of ramp velocity on the hold phase [33] and mostly in creep
ndentation experiments on poroelastic materials [34 , 35] . However,
hey lack building a master–curve framework that considers effects
f rise time. 
To overcome these drawbacks, here we ran a series of finite
lement (FE) simulations and extended the analysis of poroelas-
ic indentation framework by investigating the effects of rise time
 R on ramp and hold phases. We introduce a novel approach
o normalize rise time and the associated maximum force F M 
 Fig. 1 (e)) and extract a dimensionless master curve ( Fig. 1 (f)).
ur approach allows estimation of poroelastic parameters of soft
ydrated materials using indentation without the need for com-
utational modeling or numerical simulations. To validate and
valuate the capabilities of our novel framework, we conducted
ndentation tests on two hydrogels with dominant poroelastic
ehavior (i.e. agarose and polyacrylamide hydrogels) at micro

























































































































a  and macro scales and extracted their poroelastic properties using
our novel method. Agarose hydrogels are widely used in cell
and tissue culture systems, cartilage repair devices, and magnetic
resonance elastography [36–38] ; whilst polyacrylamide (PAAm)
hydrogels have a wide range of biomedical and bioengineer-
ing applications, including electrophoresis, enzyme immobiliza-
tion, drug delivery, smart biomaterials, reconstructive surgery and
extracorporeal toxin removal modalities [39] . 
2. Materials and methods 
2.1. The FEM method 
The two-dimensional axisymmetric Finite Element model (FEM)
of indentation of poroelastic hydrogel specimens was constructed
in ABAQUS (version 2018). The geometry and boundary conditions
of the discretized model are shown in Supplementary materials
(Fig. S1). To minimize the effects of edges on force relaxation, the
hydrogel was modeled as a cylindrical disk with 30 mm radius and
60 mm thickness and indented with an infinitely rigid indenter
of size R = 10 mm. The contact between the indenter and the hy-
drogel was considered to be frictionless and impermeable and no
slip condition was set for the bottom surface. The pore pressure
was set to zero at all surfaces of the specimen (excluding the in-
denter contact surface) to simulate free draining of the interstitial
fluid from the porous matrix (Fig. S1). The FE simulation consists
of both ramp and hold steps. First, the ramp step involves indenta-
tion of the material surface with a predefined rise time and spec-
ified displacement in the z -direction using a spherical indenter.
Next, the hold step is the phase in which the force reaction is re-
laxed. As the first approximation, we considered a linear isotropic
poroelastic constitutive model in the FE simulations [17 , 18 , 22 , 23]
while nonlinear geometry and structured mesh options were em-
ployed to capture the possible effects of large deformations within
the vicinity of the contact area. While investigating the effects of
large deformations and material nonlinearity is beyond the scope
of our work, recent research [40–42] suggests that up to δ/R ∼ 0.6
of the Hertz load displacement relationship still holds true. There-
fore, our linear assumption provides a good estimation of poroelas-
tic parameters as a first approximation. Furthermore, we ran sev-
eral simulations considering the neo-Hookean model of poroelas-
ticity for comparison with the linear framework. 
The poroelastic domain was discretized with the quadratic
quadrilateral CAX8P standard element and the mesh sensitivity
was assessed by refining the structured mesh size automatically
until the results were independent of element size. To account for
the localized deformation of the contact surface, it is essential that
the density of nodes close to the contact region is high enough.
The implicit finite element solver, ABAQUS/Standard commercial fi-
nite element code, was applied to work out the indentation test
problem. The implicit FEM predictions in Abaqus employ automatic
(small) time step with Newton-type iterations. In this study, the
SOILS analysis in Abaqus was used to model the response of the
poroelastic samples in the indentation tests. In the ramp phase
(0 < t < t R ), set thresholds of either maximum indentation depth
( δM ) or maximum set force ( F M ) were considered and the resultant
indentation δ( t ) and the relaxation force F(t) functions were cal-
culated. The sensitivity of the FE simulations to domain size and
mesh element numbers were checked. A mesh convergence study
was then performed in the ramp phase by decreasing the mesh
size until the error of the estimated maximum force F M at the in-
denter tip for fine mesh was less than 0.1% of the coarse mesh. In
addition, the optimum sizes of the domain in lateral and vertical
directions were calculated by increasing the size in both directions
until the error in the maximum force, F M , was less than 0.1%. For
SOILS analysis, a tolerance for maximum pore pressure change perncrement was required. The pore pressure and fully relaxed force
 ∞ are the main effective parameters of the poroelastic simula-
ions. The convergence of the computational program for each case
defined mesh and geometry size) was achieved by decreasing the
ore pressure rate change until the error in the fully relaxed force
 ∞ is minimized (Fig. S1). The FE simulation parameters (inden-
er size and indentation depth) and poroelastic properties (shear
odulus, diffusion coefficient and Poisson ratio) were chosen from
he previously experimentally-derived properties for indentation of
 PAAm hydrogel [22] , as tabulated in Table S1. The choice of hy-
erelastic parameters, as tabulated in Table S2, were from [22 , 43] . 
.2. Hydrogel preparation 
Because agarose and PAAm hydrogels display prototypical fea-
ures of a predominantly poroelastic material, both gel types were
sed for indentation testing. The 0.6% and 1% agarose hydrogels
ere prepared separately by either suspending 0.6 g or 1 g agarose
owder (Invitrogen, Carsbad, CA) in 100 mL phosphate buffered
aline (PBS) followed by heating to 90 °C until the solution became
lear. The solution was cast into 33 mm circular culture dishes and
eft at room temperature for 2 h to cure. The gel was maintained
ully hydrated in PBS and cooled to 4 o C for 48 h to obtain uniform
welling and an equilibrium state before testing. To avoid unex-
ected changes in mechanical properties of gels, the temperature
nd cooling time were carefully controlled [44] . 
The 6% PAAm gels were prepared by dissolving 30% (w/v) acry-
amide (Bio-Rad, UK) stock solution with a 29:1 acrylamide to
is-acrylamide ratio in 100 mL distilled water. After degassing for
0 min, the gels were synthesized by adding 10 % w/v ammonium
ersulfate solution (APS) and tetramethylethylenediamine (TEMED)
s the initiators [45] . The stock solution was cast into 30 mm ra-
ius Petri dishes and left at room temperature in anaerobic condi-
ions for 30 min. After solidification, PAAm gels were carefully sep-
rated from the mold and were kept hydrated with PBS at 23 o C
or a further two weeks to achieve an equilibrium-swelled state
rior to testing. 
.3. Atomic force microscopy indentation 
The microscale indentation experiments were run by apply-
ng the JPK Atomic Force Microscope (AFM) Nanowizard-CellHesion
JPK instruments, Berlin, Germany) interfaced to an inverted optical
uorescence microscope. The AFM cantilevers (RFESP-75, Bruker,
arlsruhe, Germany) were prepared by gluing spherical beads to
he cantilever tip with UV curing glue (UV curing, Loctite, UK).
antilever spring constants were determined prior to gluing the
eads by applying the thermal noise method implemented in the
FM setting (JPK SPM, JPK instruments). Prior to any indentation
est, the sensitivity of the cantilever was adjusted by measuring
he slope of force–distance curves acquired on glass. The nominal
pring constant of 2.5–3 N m −1 and 25 μm radius glass beads (Co-
pheric) were used to indent the softest hydrogels (0.6% agarose)
f 30 mm diameter and 5 mm thickness, submerged in PBS solu-
ion. 
The AFM cantilever was pressed into the hydrogel surface con-
idering eight defined approach velocities (base of the AFM can-
ilever velocities: V = 1, 10, 20, 40, 80, 160, 320 and 640 μm · s −1 )
ntil reaching three target forces ( F M = 50 0, 10 0 0 and 160 0 nN).
his yielded 18 different maximum indentation depths, δM , which
ere estimated by finding the contact point [46] . From the point
hat the indenter contacts the surface of the sample, the displace-
ent of the cantilever base is translated into the indentation depth
nd the deflection of cantilever. In our experiments, the choice of
antilever stiffness was such that the deflection of the cantilever is
lways less than 10% of the indentation depth. Consequently, the




























































































































f  pproach velocity of the spherical indenter can be assumed to be
pproximately the same as the speed of the cantilever base. 
.4. Macroscale indentation 
The macroscale indentation experiments were performed by
pplying a uniaxial tensile tester machine with a cross-head po-
ition resolution of 1 μm equipped with ±10 N load cell with a
orce resolution of 1 mN. Indentation tests were run by applying
 rigid stainless steel spherical indenter radius of either R = 5, 7.5
r 10 mm. To minimize substrate and geometrical effects, we en-
ured that the hydrogel thickness and size for macroindentation
ests were at least ten times larger than the contact area and in-
entation depth, respectively [47] . The 6% PAAm and the 0.6% and
% agarose hydrogels, with a minimum thickness of 30 mm and
adius of 60 mm were fully submerged in PBS during indentation
xperiments. To avoid slip between the hydrogel and the substrate,
ydrogel samples were attached to the bottom of the test chamber
y cyanoacrylate prior to submerging in PBS. Two samples were
elected for macroscale indentation tests. On each hydrogel, four
easurements were taken and each were spaced at least 2 cm
part from each other and the sample edge to minimize any over-
ap [24] . 
The indenter was lowered onto the hydrogel surface to reach a
mall preset force while the displacement on the tester machine
as adjusted. When the indenter contacted the hydrogel surface,
 positive slope of the force–displacement response was recorded
nd while the indentation depth δ increased, the indenter was
ressed further into the hydrogel to reach a defined maximum
epth δM leading to a maximum reaction force F M recorded via
he tester. For each predefined δM and rise time t R , leading to a
pecific F M , the relaxation of the force versus time was recorded. 
For each hydrogel type, the indenter size and the indentation
epth were chosen to maximize the sensitivity of tester machine.
 spherical indenter of size R = 7.5 mm was used to conduct force–
elaxation experiments on the 0.6% agarose hydrogels ( δM = 3 mm
nd t R = 3, 30, 120 and 300 s), the PAAm samples ( δM = 1, 2 and
 mm and t R = 10 0 0, 20 0 0 and 30 0 0 s) and size R = 5 mm for 1%
garose hydrogels ( δM = 2 mm and t R = 50, 150, 200 and 400 s). In-
enters of size R = 5 and 10 mm were also used for 1% agarose hy-
rogels ( δM = 0.5, 1 and 1.5 mm and t R = 10 0, 20 0 and 300 s). The
elaxation tests were complete when the force reached a steady-
tate flat value. 
. Results and discussion 
.1. FEM analysis: effects of approach velocity and contact size 
Poroelastic indentation tests were simulated by FEM and differ-
nt approach velocities were considered (i.e. different rise times
 R ). Similar to micro and macro scale experiments, the stress-
elaxation tests can be achieved by either considering a pre-
et maximum indentation depth ( δM , as in the case of macro-
ndentations) or a preset maximum force ( F M , as in the case
f AFM micro-indentation tests). Based on the material proper-
ies of Table S1, the macro-indentations were simulated consid-
ring either a maximum set force of F M = 6.4 mN ( Fig. 2 (a))
r a maximum indentation depth of δM = 150 μm ( Fig. 2 (c)).
orce indentation ( F–δ) and force–relaxation ( F–t ) are plotted in
ig. 2 . Force–relaxation curves reach a final relaxation force of
 ∞ ∼ 5.5 mN after t ∞ ∼ 1.4 × 10 6 s. The results indicate that
he shape of both F–δ and F–t curves are strongly dependent on
ise time t R , i.e. at high indentation approach velocities, the fluid in
he gel structure remains at its equilibrium state during the ramp
hase and it only redistributes shortly after reaching the maximum
ndentation depth. This leads to a sudden and sharp relaxation ofhe force whilst at slow approach velocities the fluid redistributes
uring the ramp phase, leading to lower levels of relaxation in the
old phase. 
To test whether previously introduced normalization methods
re capable of capturing the effects of approach velocity, only
orce–relaxation curves in Fig. 2 (d) were considered and plotted
gainst time. Here, the initial time was set to zero ( Fig. 2 (e)). Sub-
equently, curves in Fig. 2 (e) were normalized using normalized
orce [ F(t)–F ∞ ]/[( F M –F ∞ ] and normalized time [ t / R δ] as described
n [17 , 18 , 22] . This method of normalization ( Fig. 2 (f)) did not result
n the collapse of curves into a single master curve which indicates
hat the t R or approach velocity must be considered as an impor-
ant criterion, as ignored in recent works [17 , 18 , 21 , 22 , 25 , 32] , for
nalysis of the poroelastic materials and the extraction of poroe-
astic parameters. 
.2. Analysis of constant effective approach velocity 
.2.1. FEM analysis 
The conditions under which previously proposed and vali-
ated methods of force–relaxation normalization were next inves-
igated [17 , 18 , 22] . First, we considered a constant approach ve-
ocity of V = δM / t R = 0 . 005 μm · s −1 and conducted FEM simula-
ions of macro-indentation tests using the hydrogel parameters
resented in Table S1. Three indentation depths were modeled:
M = 100 , 150 , 200 μm . Considering a constant velocity yields
ise times of t R = 2 × 10 4 , 3 × 10 4 , and 4 × 10 4 s, respec-
ively. The results of these simulations are shown in Fig. 3 (a). Nor-
alization of time with τ ∗ = t/R δM and force with either F ∗(t) =
 (t) / ( R 0 . 5 δ1 . 5 
M 
) or F ∗(t) = [ F (t) − F ∞ ] / [ F M − F ∞ ] leads to the col-
apse of three curves into a single curve ( Fig. 3 (b) and (c)). 
Next, a set of 4 FEM simulations were run for inden-
ers of size R = 5 mm and 10 mm, indentation depths
f δM = 10 0 μm and 20 0 μm , and approach velocities of
 = 0 . 01 μm . s −1 and 0 . 005 μm . s −1 as shown in Fig. 3 (d).
e defined the effective approach velocity as V e f f = 
√ 
( R δM ) / t R 
nd found that only normalized curves (described above in the
ethods) with the same V e f f can be overlaid onto each other.
aken together, these results indicate that length scale needs to
e considered in the approach phase, in addition to the relaxation
hase, and previously extracted master curves are only valid under
he assumption of a constant effective approach velocity. 
.2.2. Experimental validation 
The load–relaxation curves generated from the micro-
ndentation tests performed on 0.6% agarose hydrogels using
 25 μm indenter at three different approach velocities (i.e.
 = 80, 10, 1 μm s −1 ) and three set target forces (i.e. 50 0, 10 0 0,
600 nN), are shown in Fig. S3a,b,c. The load–relaxation curves
btained from the macroscale indentation of PAAm hydrogels at
 = 0.001 mm s −1 and δM = 1, 2, 3 mm and from the 1% agarose
ydrogels at V = 0.01, 0.005 mm s −1 and δM = 0.5, 1, 1.5 mm,
sing indenters of different sizes (i.e. R = 5, 7.5, 10 mm) are shown
n Figs. S4a, b and S5a, b, respectively. As observed in Figs. S3d, e,
, S4c,d and S5d,e, the relaxation curves collapse into single curves
fter normalization of the force with F ∗(τ ) = F (t) / ( R 0 . 5 δ1 . 5 
M 
) and
he time with τ ∗ = t/R δM and considering a constant approach
elocity and indenter size. To evaluate the contribution of effective
elocity, the experiments were run for different indenter sizes and
pproach velocities at the same t R , Fig. S5c. Despite the curves
n Fig. S5c. being obtained using different approach velocities
velocities V = 0.01, 0.005 mm s −1 ), the normalized curves col-
apsed into a single curve since the effective approach velocity
or these curves are the same, i.e. V e f f = 0.022 mm s −1 (Fig.
5f). Taken together, our results show that the normalization of
orce–time curves leads to the collapse of curves into a single
142 M.H. Esteki, A .A . Alemrajabi and C.M. Hall et al. / Acta Biomaterialia 102 (2020) 138–148 
Fig. 2. Force–indentation (a, c) and force–relaxation (b, d) curves generated from FEM considering four approach velocities = 1.5 × 10 4 , 1.5 × 10 −2 , 1.5 × 10 −3 and 
3 × 10 −4 μm · s −1 . In (a, b), a constant set force of F M = 6.4 mN was used while in (c––f), a maximum indentation depth of δM = 150 μm was considered. (e) Only force–
relaxation part of curves in (b) were considered with the initial time of relaxation curves set to zero. (f) Normalization of the force–relaxation curves with the methodology 


































t  curve, but only under the condition of constant effective approach
velocity V e f f = 
√ 
( R δM ) / t R . 
3.3. Extraction of a novel master curve 
Next, to construct a general framework, we performed a series
of simulations ( N = 2200) and investigated the effects of rise time
on either the resultant maximum force or the maximum indenta-
tion depth. In other words, for each t R , a preset maximum inden-
tation depth or a preset maximum force was considered, and the
resultant maximum force or maximum indentation depth were es-
timated via FEM. The estimated F M , as a function of t R for the three
preset maximum indentation depths ( δM = 50, 100 and 150 μm),
are shown in Fig. 4 (a)., whilst the estimated δM , as a function of t R 
for three preset maximum forces ( F M = 3.5, 6.4 and 9.8 mN), are
shown in Fig. 4 (b). 
During deformation of a poroelastic material, the dominant
mechanism for both pressurization and relaxation relies on the
ability of the interstitial fluid to infiltrate through the pores of
the solid phase. The hallmark of poroelastic mechanical behav-or is that the length scale L for the pore pressure propagation
nd the timescale t p for the pore pressure relaxation are corre-
ated through t p ∼ L 2 /D , where D is the poroelastic diffusion co-
fficient [17 , 22] . The presence of a characteristic length scale L is
 unique feature of poroelastic mechanical responses. While the
elaxation timescale of poroelastic material critically relies on the
ength scale, as has been extensively discussed particularly in the
ontext of relaxation curves [48] , the time scale of pressurization
hase is also modulated by the length scale. Therefore, in the con-
ext of indentation tests, pressurization (and subsequently relax-
tion) would be weak (or does not occur at all) if the time scale
f the ramp were to be significantly larger than L 2 /D . In other
ords, during indentation tests, we expect the relaxation phase
o exhibit a more pronounced poroelastic signature when the rise
ime of the ramp phase is significantly shorter than the poroelastic
elaxation timescale t R  t p ∼ L 2 /D . The length scale for fluid re-
istribution/ pore pressure pressurization in spherical indentation
ests is the contact radius L ∼ a = 
√ 
Rδ, where R is the indenter
adius and δ the indentation depth. Therefore, when considering
he scaling analysis, the characteristic time scale for ramp phase
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Fig. 3. Non-normalized force–indentation and force–relaxation (a, d) and their normalization with two different methods shown in (b, e) and in (c, f). (a) The indentation 
depth δM and rise time t R were varied proportionally to keep the approach velocity V = δM / t R constant, leading to collapse of all curves into a single curve after implementing 
appropriate force and time normalizations as shown in (b, c). (d) Effects of varying indentation depth, rise time and indenter radius. (e, f) Only curves with the same 
V e f f = 
√ 
























































f spherical indentation is τR = D t R R δM and indentation with the con-
ition of D t R  R δM (i.e. t R  L 2 /D ) leads to enhanced poroelastic
ffects. However, achieving infinitely small t R ( τR  1) is not pos-
ible experimentally and imposing very high ramp velocities may
ead to unwanted oscillations of cantilever/ indenter following the
amp phase and at the initial stages of the hold phase. 
To construct a framework to analyze poroelastic curves that
onsiders the effects of finite approach velocities, we first normal-
zed t R in the curves of Fig. 4 (a) and (b) using τR = D t R R δM . This nor-
alization did not lead to the collapse of the curves ( Fig. 4 (c) and
d)) because F M and δM can also vary. However, normalization of
 M using Eq. (1) led to the collapse of all 6 curves in Fig. 4 (c) and




F M ( τR ) − F M ( τR = ∞ ) 
F M ( τR = 0 ) − F M ( τR = ∞ ) 
(1) 
here τR = D t R R δM is the normalized rise time. When the contact size
( a = 
√ 
Rδ) is significantly smaller than the hydrogel thickness d




∼= 0 ), the Hertz solution gives an
ccurate estimate of the force–indentation relationship [17 , 49] : 
 = 4 
3 
√ 
R δ3 / 2 
E (
1 − υ2 
) (2) 
When a load is suddenly applied to a poroelastic material,
.e. τR = 0 , since the fluid does not have enough time to redis-
ribute, the volumetric changes are negligible and one can as-
ume near-incompressible conditions, implicating a Poisson ratio
f υ = 0 . 5 [45–48] and F M ( τR = 0 ) = 4 3 
√ 
R δ3 / 2 
M 
E 
0 . 75 . Allowing suffi-
iently large enough rise time, τR = ∞ , results in the full redistri-
ution of the fluid and an equilibrium state. Here, a Poisson ratio
f υ can be considered for the material’s elastic response yielding
 M ( τR = ∞ ) = 4 3 
√ 
R δ3 / 2 
M 
E 
( 1 −υ2 ) . Assuming these two limiting casesnd Hertz condition, Eq. (1) takes: 
 
∗
M ( τR ) = 














On the other hand, the master curve in Fig. 4 (e) can be
mpirically represented via a continuous exponential function
q. (4) : 
 
∗
empirical ( τR ) = 12 . 5 exp 
(
−2 . 63 τR 0 . 12 
)
(4) 
Therefore, a set of poroelastic parameters can be estimated ( D , E
nd υ) considering Eqs. (3) and 4 and solely performing the ramp
hase of indentation experiments with different indentation veloc-
ties. This framework has been applied to experimentally derive
oroelastic parameters. Briefly, initial estimates for a set of ( D , E ,
) can be made and F ∗
M 
( τR ) in Eq. (3) can be calculated from ex-
erimental data while F ∗
empirical 
from Eq. (4) can also be estimated.
he set ( D , E , υ) can be varied until the error ( F ∗M ( τR ) − F ∗empirical )
s minimized. Our framework implies that poroelastic properties
an be estimated by conducting only a few indentation tests with
nly one data point collected for each approach velocity (i.e. either
he maximum force or indentation depth for the prescribed max-
mum indentation depth or force, respectively). Since the decay of
q. (4) is exponential, conducting several tests with incremental
old changes in approach velocities would be the most appropri-
te selection for the set of velocities. Furthermore, depending on
he limitations of the instrument and experimental conditions, col-
ecting more data at higher velocities will increase the accuracy
or the estimation of poroelastic parameters. However, under our
ramework it is not essential to collect the data at extremely high
pproach velocities that are beyond the instrument capabilities. 
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Fig. 4. The novel normalization framework. (a) Plots of F M against t R for a set of three maximum indentation depths. (b) Plots of δM against t R for a set of three maximum 
forces. (c, d) Normalization of timescale in curves (a) and (b) using τR = D t R R δM . (e) Normalization of both F M according to Eq. (1) and t R according to τR = 
D t R 
R δM 
led to the 







































i  3.4. Experimental validation 
We developed a theoretical framework, as a first approxima-
tion, using a FEM approach considering indentation of an ideal
linear isotropic poroelastic material. In real life experiments, the
instrument errors, testing/boundary conditions and other experi-
mental parameters, as well as material conditions and properties
(i.e. non-linear and non-poroelastic contributions such as hypere-
lasticity and intrinsic viscoelasticity), may contribute to the max-
imum force generated at specified approach velocities. Therefore,
to test the applicability of our approach which is based on an
approximated linear framework, in the second part of this work
we conducted experiments on two different types of hydrogels at
both macro and micro scales using two different testing machines.
Both microscale AFM and macroscale indentation tests were con-
ducted on agarose and PAAm hydrogels in order to experimentally
test our proposed framework which incorporates the effects of ap-
proach velocity. While the AFM setup normally allows conducting
relaxation tests on very soft materials with a fixed maximum set
force ( F M ), our macroscale setup enabled us to perform relaxationxperiments whilst setting a fixed maximum indentation depth
 δM ). 
In microscale experiments, we used small indenters (μm scale)
nd the AFM setup allowed us to apply and monitor pN and
N forces at extremely high sampling rates (kHz). In macroscale
ests, we used large indenters (mm scale) and a uniaxial tester
achine that allowed for the application and monitoring of mN
ange forces at lower sampling rates (10 Hz) which are sufficient
o record poroelastic relaxation times at macroscale. The experi-
ental conditions (such as approach velocities, maximum forces
nd indentation depths) and the range of stiffness for the tested
ydrogels, for both AFM experiments and macro-indentation tests,
ere such that both instruments were sufficiently stiff during the
ndentation tests. One of the main advantages of our work is to
ntroduce a framework that does not require conducting stress-
elaxation tests at extremely fast approach velocities. Our method
s based on capturing maximum force or indentation depth at dif-
erent rise times and not necessarily extremely fast approach ve-
ocities. Therefore, one could consider the limitation of their test-
ng machine such as stiffness and sensitivity and tune the experi-
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Fig. 5. Microscale AFM experiments with a force clamp on 0.6% agarose gel using R = 25 μm spherical indentor. (a) Effects of three approach velocities ( V = 80, 10, 1 μm. s − 1 ) 
on ramp and hold phases of stress-relaxation experiments. (b) Maximum indentation depth δM for F M = 50 0, 10 0 0 and 1600 nN is estimated for different approach velocities 
( V = 320, 160, 80, 40, 20, 10, 5, 1 μm s −1 ) and plotted against rise time t R . (c) The microscale experimental data confirm the theoretical master curve. Poroelastic parameters 
for all conditions were estimated by comparing Eqs. (3) and 4 . Subsequently F ∗M ( τR ) and F 
∗
empirical 
were estimated using the experimental parameters and plotted against 

























































































F  ental parameters (such as size of the indenter, approach veloci-
ies, maximum force, indentation depth, etc.) to conduct indenta-
ion experiments at such time and length scales that minimize the
xperimental errors and are relevant to our developed framework. 
.4.1. Micro indentation experiments 
Using low concentration (0.6%) agarose hydrogels and a small
robe size of R = 25 μm allowed us to conduct microscale AFM
ndention tests with soft cantilevers in order to extract force–
ndentation and force–relaxation curves with a good signal to
oise ratio. The force–relaxation curves, obtained with a fixed
 M = 1600 nN and three different approach velocities V = 80,
0, 1 μm s −1 (rise time of t R = 0.04, 0.4 and 4 s) are plotted in
ig. 5 (a). Since the rise time changed from O(10 −2 s) to O(1 s) sig-
ificant differences in the shapes of both ramp and hold phases
ere observed. Next, 24 indentation experiments were conducted
y varying F M = 50 0, 10 0 0, 160 0nN and approach velocities V = 320,
60, 80, 40, 20, 10, 5, 1 μm s −1 . For each set of F M and V , the max-
mum indentation depth δM was calculated and plotted against t R 
n Fig. 5 (b). A set of poroelastic parameters ( D , E , υ) was obtained
y minimizing the differences between Eqs. (3) and ( 4 ); yielding
 = 28 ± 1 kPa, υ = 0.12 ± 0.02 and D = 4.5 ± 0.8 × 10 −10 m 2 s −1 .
onsidering these sets of poroelastic parameters, Fig. 5 (c) shows
trong overlap of experimental F ∗
M 
( τR ) derived from Eq. (3) and the
resented F ∗
empirical 
in Eq. (4) . 
Here, poroelastic parameters were obtained by fitting the
icroscale indentation results on the master curve derived in
ection 3.2 with the assumption that the hydrogel is an isotropic
inear poroelastic material. The values of elastic modulus are
imilar to those measured previously for 0.6% agarose hydro-
els with high viscosity [50] . However, a significant devia-
ion was found in the diffusion coefficient values compared
o those obtained by macro-indentation experiments of [4 , 50] ,
here the poroelastic diffusion coefficient was estimated to be
 Agarose-0.6% = 6 × 10 −7 m 2 s −1 . Part of this inconsistency is due
o the inherent differences between macro- and micro-scales ex-
eriments since poroelastic responses are length scale dependent.
herefore, in order to measure poroelastic materials with a large
uid permeability ( D > 10 −9 m 2 s −1 ), we found that the AFM con-
act depths and probe diameter must be large enough to cap-
ure the true poroelastic effects [22] . To conduct experiments with
 significantly larger probe size, a significantly stiffer cantilever
s needed to apply large forces and achieve suitable indentation
epths. However, we were unable to achieve these conditions for
icroscale AFM experiments. Therefore, macroscale indentationests on agarose (with concentrations of 0.6% and 1%) and PAAm
ydrogels were next performed. 
.4.2. Macro indentation experiments 
Because it is easier to control large forces and displacements
n our indenter machine, we could achieve a precise target inden-
ation depth in our macro scale tests, as opposed to AFM experi-
ents, where a target displacement cannot be achieved due to the
rbitrary nature of the AFM’s displacement coordinate system and
he absence of a closed loop control system during cantilever de-
ormation. Macro indentation tests were performed on PAAm and
garose (0.6, 1%) hydrogels with t R in the range of a few seconds to
 couple of hours, which resulted in relaxation times in the range
f a few mins to ∼10 h. Force–relaxation curves were conducted
n agarose hydrogels (0.6% and 1%) by setting maximum indenta-
ion depths of δM = 1, 2, 3 mm, three sets of velocities V = 1, 0.1,
.025, 0.01 ( Fig. 6 (a)), V = 0.04, 0.014, 0.01, 0.005 (Fig. S6a) and
 = 0.02, 0.007, 0.005, 0.004 mm. s − 1 (Fig. S6b) and two indenter
izes ( R = 5 mm and 7.5 mm). The considered indentation depths
nd approach velocities led to rise times in the range of 3 s to
00 s and maximum forces from 0.296 N to 1.06 N. For agarose in-
entations with large indenters (mm scale), relaxation occurs over
 timescale of ∼hours while in microscale indentations (AFM tests
ith R = 25 μm) relaxation times were only in the order of few
econds ( Fig. 5 (a)). 
Experiments on PAAm hydrogels were conducted with a maxi-
um indentation of δM = 3 mm, approach velocities of 0.01, 0.005,
.0 01, 0.0 0 05 mm s −1 and two indenters sizes of R = 5 ( Fig. 6 (d))
nd R = 7.5 mm (Fig. S6c). Increasing the PAAm hydrogel concen-
ration, crosslinking density and structure resulted in a less perme-
ble material [50 , 51] and, therefore, significantly greater approach
elocities were required to pressurize the interstitial fluid and cap-
ure relaxations due to poroelastic effects. Longer relaxation times
or PAAm (in the order of ∼10 h) were observed compared to
garose (in order of ∼30 min). Furthermore, the force under the
argest velocity condition relaxes to its maximum at 85% for 0.6%
garose, 50% for 1% agarose and ∼15% for PAAm, indicating signif-
cant mechanical differences between agarose at different concen-
rations and PAAm hydrogels. 
To estimate the poroelastic parameters using our new frame-
ork, the estimated maximum force F M was calculated and plot-
ed against the rise time for agarose in Fig. 6 (b) and PAAm in
ig. 6 (e). Subsequently, by minimizing the root mean square er-
or, the poroelastic parameters were extracted and experimen-
al data was fitted to our empirical master curve, as shown in
ig. 6 (c) for agarose and Fig. 6 (f) for PAAm. For 0.6% agarose, we
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Fig. 6. Macroscale indentation experiments with indentation clamp on agarose and PAAm hydrogels using two macro scale spherical indenters ( R = 5 mm and 7.5 mm). 
(a, d) Effects of approach velocity in ramp and hold phases of stress-relaxation experiments on 0.6% agarose ( V = 1, 0.1, 0.025, 0.01) and PAAm ( V = 0.01, 0.005, 0.001, 
0.0 0 05 mm s −1 ). (b, e) Maximum forces F M on (0.6, 1%) agarose and PAAm for δM = 1, 2, 3 mm and R = 5, 7.5 mm are estimated for different approach velocities and plotted 
against rise time t R . (c, f) The Macroscale experimental data confirm the theoretical master curve. Poroelastic parameters for three gels at different conditions were estimated 
by comparing Eqs. (3) and ( 4 ). Subsequently F ∗M ( τR ) and F 
∗
empirical 






























































d  found E agarose-0.6% = 21.25 ± 4.1 kPa, υagarose-0.6% = 0.24 ± 0.07
and D agarose-0.6% = 5 ± 0.78 × 10 −8 m 2 s −1 , whilst for 1% agarose
E Agarose-1% = 66.56 ± 10.4 kPa, υAgarose-1% = 0.22 ± 0.03 and
D Agarose-1% = 2.03 ± 1.03 × 10 −9 m 2 s −1 . Moreover, for PAAm
the estimated poroelastic parameters are E PAAm = 11.24 ± 1.6 kPa,
υPAAm = 0.425 ± 0.05 and D PAAm = 6.43 ± 1.18 × 10 −9 m 2 s −1 . We
found that 1% agarose is significantly stiffer than 0.6% agarose and
PAAm, and also that it has significantly lower effective diffusivity
due to an increase in hydrogel concentration and crosslinking den-
sity in the material [52 , 53] . Furthermore, for 0.6% agarose [50] , our
estimated elastic moduli from micro and macro indentation tests
are similar while the calculated poroelastic diffusion constants are
significantly different. Indeed, the estimated values from our macro
indentation tests are consistent with values reported in the litera-
ture [4 , 51] . These findings indicate that length scale is a critical
factor when determining the poroelastic properties. 
4. Further discussion 
Here, we proposed and tested a novel framework to extract
poroelastic properties via indentation tests. However, there are
some limitations associated with both FEM and experimental as-
pects of our work. In the FEM, the contact between the indenter
and the hydrogel was considered to be frictionless and imperme-
able. In addition, like many other recent works [21–24 , 34 , 35 , 40–
42 , 54] , we considered the solid phase to behave like an ideal lin-
ear isotropic elastic material under small strain conditions. While
these considerations are quite simplistic for many soft and biologi-
cal materials, our framework could minimally address the effects of
ramp speed and determine the poroelastic parameters solely based
on ramp phase of force–indentation experiments. Furthermore, ap-
plication of our framework to experiments requires optimized in-
strument settings to minimize the inertia effects, sufficiently stiff
systems and a load sensor with good resolution to record the max-
imum overshoot. While investigating effects of large deformation and material
onlinearity is beyond the scope of our work, recent research
40–42] suggest that for δ  R and √ δR / h < ∼0.1 (where h is sam-
le thickness) conditions, the linear isotropic conditions are valid
nd the effects of substrate thickness can be negligible [18 , 22] .
urthermore, for up to δ/R ∼ 0.6 the Hertz load displacement re-
ationship still holds and, therefore, our methodology results in a
ood estimation of poroelastic parameters as a first approximation.
o compare our results with a hyperelastic neo-Hookean model,
e conducted further FE simulations and found that the force–
ndentation and force–relaxation curves are very similar for both
inear elastic and hyperelastic cases with less than 1% differences
n the maximum forces (Figs. S8a, b). Furthermore, we avoid the
pplication of large strains so as to minimize the hyperelastic and
lastic effects. For macroindentation of agarose gels, we visualized
he surface of the gel after removing the indenter and noticed that,
ollowing retraction of the indenter, the indented area returned ap-
roximately to its original shape over a few minutes. This con-
rmed the dominance of the elastic regime in our experiments. 
Our simulations are sensitive to the number of mesh elements
nd boundary conditions. To test the level of mesh sensitivity, we
an further mesh sensitivity analyses for a few simulations and
ound that the normalized curves were weakly dependent on the
umber of mesh elements (Fig. S10). Furthermore, for the Poisson
atios of υ = 0.2 to υ = 0.45 which is the expected range for most
iomaterials, we found that the normalized force–relaxation curves
Fig. S9d) as well as the master curve (Fig. S9e) exhibit a signif-
cantly weak dependency to the Poisson ratio which is consistent
ith previous reports [47 , 54] . 
We found that the Poisson ratio of the agarose gel was signifi-
antly smaller than PAAm. The physical role of Poisson ratio during
ndentation of poroelastic materials implies that when υ → 0.5,
here is no net movement of the interstitial fluid out of the hy-
rogel following indention, i.e. equilibrium is reached, whereas,

































































Fig. 7. All micro and macro experiments on agarose (0.6%, 1%) and PAAm hydrogels 
match the master curve of our suggested framework obtained by FEM. Poroelas- 
tic parameters for these gels at different conditions were estimated by comparing 
Eqs. (3) and 4 . Subsequently F ∗M ( τR ) and F 
∗
empirical 
were estimated using the experi- 





































hen υ << 0.5 some interstitial fluid has to squeeze out of the
ydrogel [47] . According to the theory of linear isotropic poroe-
asticity [23 , 27 , 28] , the basic independent poroelastic parameters
re elastic modulus of drained solid phase E , Poisson ratio and
ydraulic permeability K which are correlated through poroelas-
ic diffusion constant via D /( K E ) = (1– υ)/((1–2 υ).(1 + υ)). Con-
idering this relationship, the D /( K E ) ratio is highly sensitive to
he Poisson ratio for υ > 0.4 . Therefore, from a macroscopic point
f view, the Poisson ratio is highly coupled to the elastic modu-
us and poroelastic diffusion coefficient and it is difficult to es-
imate the exact values of Poisson ratio (up to second digits for
> 0.4 ) from indentation experiments [11 , 22 , 55–57] . However,
ur experimentally approximated Poisson ratios for both gel sys-
ems ( υagarose-0. 6 % = 0.24 ± 0.07 and υPAAm = 0.425 ± 0.05) are
ery close to the ones reported in the literature [11 , 22 , 58–60] and
e found that υagarose-0.6% < υPAAm consistent with other reported
ata. These data suggest that, from the macroscopic point of view,
t would be easier to squeeze the fluid out of the agarose gel. From
 microscopic point of view, the physical interpretation of Poisson
atio is mainly related to the shape of the polymeric unit, its struc-
ure, the type and density of crosslinking, as well as the fraction of
ree versus bound water within the gel pore. Therefore, consistent
ith this physical nature, the different Poisson ratio for the two
el systems originates from the differences in the microstructural
rganization of the two gels. 
To compare our estimated diffusion coefficient with previ-
usly developed methods that solely consider stress-relaxation
urves under ideal ramp conditions (i.e. fast approach veloc-
ty), we normalized two force relaxation curves from our exper-
ments on PAAm gels ( Fig. 6 (d)) using the methodology intro-
uced by Hu et al. [17] . The normalization of force–relaxation
urves with two different approach velocities did not lead to
he collapse of relaxation curves into a single curve (Fig. S7)
nd also the proposed master curve did not provide a good
t for the normalized curves, obviously because the method
f Hu et al. does not consider the effect of approach veloc-
ty. Furthermore, we estimated diffusion coefficient using their
aster curve and found that while at small rise times the es-
imated diffusion coefficient is close to our estimated values
 D PAAm = 4.12 ± 1.2 × 10 −9 m 2 s −1 for t R = 300 s compared to our
stimation of D PAAm = 6.43 ± 1.18 × 10 −9 m 2 s −1 ), at larger rise
imes the diffusion coefficient is an order of magnitude smaller
 D PAAm = 8.32 ± 0.4 × 10 −10 m 2 s −1 for t R = 600 s). Taken to-
ether, these results indicate that while previous methodologies
re significantly sensitive to the rise time, our framework provides
etter estimation of poroelastic parameters in general. 
One further caveat of our work is that we assumed that time-
ependent behavior originates from a single physical mechanism,
.e. poroelastic effects. For the agarose hydrogel there were some
iscrepancies, particularly for microscale experiments, where the
nherent viscoelastic timescale may fall within a range close to
oroelastic timescales. Dissecting the contribution of different re-
axation times originating from different relaxation mechanisms,
ncluding inherent viscoelasticity, plasticity and poroelasticity, is a
ajor challenge for the characterization of soft hydrated materi-
ls. However, since a major hallmark of poroelasticityis the length-
caledependency of the timescale, in this work and particularly in
acroindentation tests we selected the lengthscale (contact area
f the indenter) such that poroelastic mechanisms dominate the
amp response (i.e. pressurization) and relaxation timescale. 
. Summary and conclusions 
We present here a new generalized indentation framework
o extract the poroelastic properties of materials from indenta-
ion tests using spherical indenters at different indentation ap-roach velocities. Fig. 7 summaries the fit of all experimental mi-
ro ( Fig. 5 ) and macro ( Fig. 6 ) tests to the master curve that we
btained from FEM. 
The collapse of all normalized simulated and experimental
urves (normalized maximum force versus normalized rise time)
nto a single master curve ( Figs. 4 (e) and 7 ) indicates a unique be-
avior of poroelastic materials. Using FEM, we extracted a mas-
er curve ( Eq. (4) ) for the ramp phase of tests which makes
ur methodology readily usable and quick to analyze without the
eed for computational simulations. Normally, to analyze relax-
tion curves a precise feed-back control loop is essential, especially
t very high approach velocities, to avoid unwanted oscillations.
ur methodology allows for indentation tests to be carried out by
FM or other instruments on material surfaces without the need
o monitor and control the relaxation phase. Fig. 7 summaries the
t of all experimental micro ( Fig. 5 ) and macro ( Fig. 6 ) tests to the
aster curve that we obtained from FEM. We found that poroe-
astic properties can be determined through micro/macro indenta-
ion tests by applying the master curve method derived solely from
orce–indentation curves. For PAAm, these findings are in strong
greement with those of [22 , 61] . The values of elastic modulus at
% agarose obtained here are similar to those obtained by Nor-
and [50] and a good agreement exists between the diffusion con-
tants obtained with 1% agarose and the results obtained by the
uthors in Refs. [4 , 51] . Taken together, these findings confirm that
ur novel framework is appropriate for determining the poroelastic
haracteristics of hydrogels via micro and macro indentation exper-
ments. 
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